Mediterranean is difficult because of the interactions among dynamical forcing, orographic lifting and moisture advection from the warm Mediterranean sea. Torrential rainfall events are not uncommon, especially during the autumn. This type of event was the focus of a European project to improve precipitation forecasting by incorporating additional information on the initial state of the humidity field from Global Positioning Measurements of refractive delay. In this study we process data from a network of sites in Western Europe and assimilate the data over a two week period into the HIRLAM numerical weather prediction model. The overall impact for the two week period is neutral, however, for a severe rain event taking place during that period, the forecasts show improved skill when including GPS data. The work implies that the GPS data has good potential for influencing numerical models in rapidly developing, high moisture flux situations.
Introduction
Knowledge of the 4-dimensional distribution of humidity in the atmosphere is one of the factors necessary for accurate numerical weather prediction, and especially for the forecasting of rainfall. Water vapor plays an important role in energy transfer and in the formation of clouds via latent heat, thereby directly or indirectly influencing most numerical weather prediction (NWP) model variables. Assimilating humidity data derived from new observation platforms in addition to radiosonde data is expected to increase the forecast accuracy, especially for precipitation. The zenith tropospheric delay (ZTD) measurements derived from the Global Positioning System (GPS) provide information on the integrated water vapor and represent a potential source of data for NWP, as first pointed out by Bevis et al. 1992] . Rocken et al. (1993) ] demonstrated agreement between water vapor radiometers and GPS derived integrated water vapor (IWV) at the level of 1 kg/m 2 . As this new type of atmospheric data became available, along with other satellite remote sensing measurements of precipitable water vapor such as SSMI, methods were developed for assimilating the data into NWM's (Zou et al. 1995; Kuo et al. 1996) . GPS ZTD assimilation systems have been developed and tested for the continental US (Smith et al. 1999) . These tests show a positive impact during the winter and overall neutral impact during the summer. Ongoing testing is also being carried out in Europe as part of the cooperative research program COST 716 (Elgered 2001 ).
Current research is focused on testing the impact of the data in different synoptic and mesoscale situations. A recent study in France [Ducrocq et al. 2002] pointed out the importance of initial humidity fields in improving mesoscale simulations of heavy precipitation events.
We have developed a system for assimilation of ground based GPS products into the Danish Meteorological Institute (DMI) implementation of the HIRLAM (High Resolution Limited Area Model) (Sass et al. 2000) and carried out assimilation and impact experiments for selected periods. This paper describes the GPS ZTD dataset, the data assimilation system, the results of the impact experiments, and a case study in France and Spain.
GPS Data Processing
We processed GPS data provided through the MAGIC project (Haase et al. 2001 ) from 58 permanent sites in France, Spain, and Italy using the GAMIT software (King and Bock 1999) . It solves for the ZTD and other parameters using a constrained batch least squares inversion procedure. ZTD is parameterized as a stochastic variation from a simple model of hydrostatic delay that assumes an average atmospheric profile (Saastamoinen 1972 ). The variation is constrained to be a Gauss-Markov process with a specified power density of 2 cm/hour 1/2 . We solve for ZTD at 15 minute intervals with piecewise linear interpolation.
Elevation dependent tropospheric delay is mapped into zenith delay using the Niell mapping functions (Niell 2000) . We process data sampled in 60 s intervals with a 12 hour sliding window strategy and extract estimates from the middle 4 hours of the window. The cut-off satellite elevation angle is 10 degrees. Antenna phase pattern corrections are applied (Mader 1999) . We compute a geodetic solution for station coordinates on a weekly basis in order to account for the GPS site motions and to ensure the best possible a priori site position. We tightly constrain the positions of 6 stations of the IGS network (GRAZ, KOSG, NOTO, VILL, WTZR, ZIMM) to the latest ITRF values from a precise long term geodetic solution. We constrain the satellite orbits to the final IGS ephemerides that have been refit over three days in order to have smooth estimates across the day boundaries. ZTD data for the 3 additional sites comes from the COST 716 benchmark database (Elgered 2001) and was processed with similar procedures.
We have validated the GPS derived atmospheric delay against independent data from radiosondes and from the HIRLAM model (Haase et al. 2002; Vedel et al. 2001) and from sun photometers (Pugnaghi et al. 2002) . The GPS delays are better matched by the other measurement data, =12 mm against the radiosondes, than by the HIRLAM data, =18 mm, indicating that the observations do contain information not fully known by the model. We compared individually the hydrostatic and wet components of the delay from the HIRLAM and radiosonde data, and have seen that the dry delay correlates far better than the corresponding wet delays, dry =3.7 mm, wet =14.7 mm (Vedel et al. 2001 ). The belief is therefore that assimilation of ground based GPS data can improve mainly the humidity fields in the model.
GPS data Assimilation in HIRLAM

Methodology
The model used in the assimilation tests is a high resolution limited (as opposed to global) area model, similar to the DMI-HIRLAM model used operationally, but run for a different region. The data assimilation is based on a 3 dimensional variational data assimilation system called HIRVDA (Gustafsson et al. 2001; Lindskog et al. 2001) . The GPS specific assimilation software was developed in collaboration with Gustafsson, Lindskog, and Berre from the Swedish Meteorological and Hydrological Institute.
The observation operator first interpolates the model grid for the site specific vertical profile of temperature and humidity, as well as estimates of surface pressure and surface (geoid) altitude. We then transform the GPS station height from the WGS-84 ellipsoid height to the corresponding geopotential in the HIRLAM system coordinates (Vedel 2000) . The specific transformation depends on the resolution and orography of the model. Finally, the profile obtained is shifted up or down, shifting the surface height of the model to the altitude of the GPS antenna (Majewski 1985) , in a way which maintains the boundary layer structure.
The observation operator for ZTD is written as
where ZHD is the zenith hydrostatic delay. For this we use 
where p a is the pressure at the antenna altitude h a , and is the latitude. (Saastamoinen 1972) . The observation operator for ZWD is written as,
where q is specific humidity, T is temperature, p is pressure, the index i indicates grid centers and i+1/2 indicates grid cell boundaries, and g a is the gravitational acceleration at the antenna altitude as function of latitude. R is the gas constant for dry air, k'=2.21 10 -7 K/Pa and k 3 =3.7 10 -3 K 2 /Pa. In HIRVDA the best estimate of the atmospheric state is found by minimization of the cost function, 
with respect to the analysis increment x. Here B is the error covariance matrix of the model first guess field and R is the error covariance matrix for the observations, assumed diagonal. H maps the model state vector x onto the observation space, H is the derivative of that with respect to the state vector, assumed linear, x b is the first guess model state, and y is a vector representing all the observations.
Simulations
We have conducted a number of simulations for selected time periods in order to study the impact of ground based GPS observations upon forecasts. We present below the longest period from 2000 06 09 to 2000 06 23.
The HIRLAM model is run for the region 24 to 55.5 in latitude and -33.3 to 39.3 in longitude, the resolution is 0.3×0.3 degrees horizontally with 31 levels in the vertical. The region is indicated in figure 1. Data assimilation was performed every six hours at 00, 06, 12 and 18 UTC. The forecasts were made out to 48 hours, with output every six hours.
In one set of runs the boundaries were given by ECMWF analyses (providing more precise boundaries than forecasts). In a second set of runs the boundaries were provided by ECMWF forecasts of age 6 to 54 hours for model runs covering 0 to 48 hours. The latter setup corresponds approximately to the situation at DMI when making operational weather forecasts.
The data assimilated were standard meteorological data (radiosonde, surface synop observations, buoys) and GPS ZTD data. No other types of satellite data were included in the assimilation. HIRVDA selects the GPS ZTD observation closest in time to the time of the data assimilation (and within specified bounds). The observational error for ZTD was set to 10 mm, a rough approximation of the standard deviation of the offsets between GPS and radiosonde ZTD estimates.
Results
We have measured the skill of the model by comparing model estimates to actual observations at a number of selected standard synop stations and radiosonde sites from the EWGLAM list. GPS observations are thus not included in the verification of the present set of simulations. Figure 3 shows that the impact of the GPS observations averaged over the 2 week period is largely neutral both in the forecast and analysis boundary condition runs. This is not surprising since the number of GPS observations is small relative to the number of observations for synop stations (more than 1000), and even to the number of radiosonde observations, as each radiosonde report contain information from many pressure levels. Other studies have found slightly negative impact with GPS data in the summertime (Smith et al. 1999) , which is not the case in this study. Evidence for a positive impact may be more likely in future tests, when the number of stations is greater, or when upgrading to an assimilation system, like 4DVar, capable of utilizing the high time resolution in the GPS ZTD data. We next evaluate the impact on precipitation forecasting in the case study below.
Case study of precipitation for June 9-10, 2000
The rainfall in Mediterranean Spain shows a pattern dominated by the interaction of topography with the main rainbearing flows. The rainfall is often torrential and many coastal stations have registered daily rainfalls greater than 200 mm in the past 30 years, almost exclusively in the autumn (Romero et al. 1998) . Several factors are important in the evolution of these storms: dynamical forcing by an upper level trough as it passes over the Iberian peninsula, low-level advection of moist air by easterly flow with a long fetch across the Mediterranean, and orographic forcing as moist air impinges on the coastal ranges from the Mediterranean Sea (Doswell et al. 1998) .
These factors played a role in the June 10, 2000, event. The upper air trough became cutoff after crossing Spain, leading to rapid cyclogenesis and development of a slow-moving depression off the southeast coast of Spain. A low level jet and warm humid advection enhanced precipitation production (Vilaclara et al. 2001) ., leading to a torrential rainfall event that produced more than 200 mm of precipitation over 24 hours. At some sites more than 160 mm were recorded in 3 h. It caused flash floods, landslides and was responsible for 5 deaths.
We examine in detail the performance of the HIRLAM forecasts, with and without the assimilation of GPS data, for this event. In this case we use a subjective evaluation of the forecast precipitation amounts and distribution compared to the observed amounts. For Catalonia we have access to 12-hour precipitation measurements for 9-11 June 2000 from 75 rain guage sites. For France we have access to hourly precipitation measurements for 9-10 of June 2000 for around 1090 sites. The French data have been summed up to produce 12 hour estimates. The rain guage data (figure 4) shows the particularly heavy rain in Northern Spain as well as the high variability in the Catalonian region where sites with no precipitation are located just next to sites reporting precipitation above 80 mm over 12 hours.
For the HIRLAM 12 hour forecast, the large scale and convective precipitation fields are summed. Then, the 00 hour forecast field is subtracted from the 12 hour forecast field to avoid any problems due to humidity imbalances, etc., in the analysis field. The resulting field is horizontally interpolated to the locations of the rain gauge sites.
It is clear from the comparison of the 12 hour predicted precipitation with and without GPS data in the analysis (figure 4) that the forecasts based on analyses including GPS ZTD data have higher skill when it comes to prediction of significant precipitation. From 12-24 UTC on the 9 th , the forecast with GPS shows higher precipitation, in agreement with observations, as the cold front crosses the Pyrenees in southwestern France. From 0-12 UTC on the 10 th , there is no obvious superiority in either the forecast with or without GPS, which both show very similar high precipitation amounts in coastal Catalonia (northeastern Spain). In contrast, the observations show extreme values greater than 80 mm and extension of the 50-60 mm rainfall region north into the mountainous regions on the French-Spanish border. This may be illustrating the local precipitation enhancement due to orography that is difficult to reproduce with the resolution of HIRLAM. However, once again from 12-24 UTC on June 10, the forecasts with GPS do significantly better than without GPS, in particular in reproducing higher rainfall amounts in all three high precipitation regions in the Pyrenees, western Alps and maritime Alps as the cold front crosses over France. The GPS ZTD observations have a positive impact upon the forecasts of large amounts of precipitation. Both with and without GPS data the model tends to over predict precipitation in regions where zero or very little precipitation is observed. This problem is not alleviated by inclusion of the additional GPS data, which could be related to small positive biases reported by Gustafsson 2002 and Haase et al. 2002 . These offsets are too small, however, to influence the cases with medium and large rainfall.
Discussion and conclusion
It is very difficult to verify quantitatively the model predictions of precipitation against observations, because of the high variability of the observations, both temporally and spatially. Even if a model predicts severe rain in a region receiving much rain it may get a low score in a statistical sense if the precipitation does not match in timing and location. The model may still be quite useful in alerting forecasters and subsequently people in the area if necessary. In addition, higher resolution observations are needed for precipitation studies than for pressure and temperature verification, requiring an international exchange of precipitation data not available in-house. Despite these difficulties it is still possible to show that in general high precipitation is better forecast with the inclusion of GPS data in the fourteen day period studied.
The period analysed is relatively short. More studies should be conducted before one can claim with certainty the positive impact of GPS ZTD observations upon the forecast skill. Likewise other forecast periods should be studied (e.g. precipitation forecast between 12 and 24 hour). Our expectations are that when it comes to precipitation the improvement from GPS data will be largest for short range forecasts. Future studies of the impact of GPS ZTD and IWV observations should therefore include detailed case studies like the present. Verification statistics against observations from EWGLAM stations for 2 meter temperature, 850 mbar temperature, 2 meter relative humidity and 850 mbar relative humidity. Each sub plot shows the bias and the root mean squares of the differences between the observed value and model estimate, as a function of forecast length averaged over the period. KDG has analyses boundary conditions, without GPS data, KDH has analyses boundary conditions with GPS, FDG has forecast boundary conditions without GPS, FDH has forecast boundary conditions with GPS data. 
